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Abstract

Objectives—Our series of studies using transplantation of single hematopoietic stem cells (HSCs)
demonstrated that mouse fibroblasts/myofibroblasts are derived from HSCs. In order to determine
the origin of human fibroblasts, we established a method for culturing fibroblasts from human
peripheral blood (PB) mononuclear cells and studied fibroblasts from gender mismatch HSC
transplant recipients and patients with untreated Philadelphia chromosome-positive chronic
myelogenous leukemia (CML).

Methods—We cultured PB cells from three female subjects who showed near complete
hematopoietic reconstitution from transplantation of granulocyte-colony stimulating factor (G-CSF)-
mobilized male PB cells and examined the resulting fibroblasts using fluorescent in situ hybridization
(FISH) for Y chromosome. Because the mobilized PB cells may contain mesenchymal stem cells
(MSCs), we could not determine the HSC or MSC origin of the fibroblasts seen in culture. To further
document the HSC origin of human fibroblasts, we next examined fibroblasts from two patients with
untreated CML, a known clonal disorder of HSCs.

Results—All cultured fibroblasts from female recipients of male cells showed the presence of Y-
chromosome, indicating the donor origin of fibroblasts. Cultured fibroblasts from the CML patients
revealed the presence of BCR-ABL translocation. This demonstration provided strong evidence for
the HSC origin of human fibroblasts, because CML is a clonal disorder of the HSC.
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Conclusions—These studies strongly suggest that human fibroblasts are derived from HSCs. In
addition, the results suggest that fibrosis seen in patients with CML may be a part of the clonal
process.

Introduction

Fibroblasts are a major constituent of connective tissue. Not only do they maintain the integrity
of connective tissues by producing extracellular matrix, but are also a key regulator of the
microenvironment by controlling cell differentiation, proliferation, and migration through
cytokine and chemokine production. Therefore, fibroblasts play many roles both in the
maintenance of homeostasis and in the development of pathological conditions. Having
contractile ability, fibroblasts are particularly important in the normal repair processes of tissue
injury and inflammation. However, excessive fibrosis can result in a wide variety of diseases,
including atherosclerosis, liver cirrhosis, pulmonary fibrosis, nephrosclerosis and scleroderma.

Itis generally believed that fibroblasts, together with adipocytes, osteocytes and chondrocytes,
are derived from mesenchymal stem cells (MSCs) in the bone marrow. Recently, our laboratory
discovered that fibroblasts/myofibroblasts in many tissues and organs of mice are derived from
hematopoietic stem cells (HSCs) [1]. Specifically, we used single HSC transplantation and
found that mouse HSCs give rise to glomerular mesangial cells [2], brain microglial cells [3],
inner ear fibrocytes [4], fibroblasts in heart valves [5] and tumor-associated fibroblasts [6]. We
also documented the HSC origin of fibroblasts grown in culture using the bone marrow cells
of mice having received single HSC transplantation [7]. Subsequently, investigators in other
laboratories also using single HSC transplantation, described that hepatic stellate cells, a type
of myofibroblast [8], and the myofibroblasts seen at the site of cardiac infarction [9] are derived
from HSCs. These studies indicated that most, if not all, fibroblasts/myofibroblasts in mice are
derived from HSCs and prompted the study of the origin of human fibroblasts described in the
present study.

In our previous culture studies of fibroblasts from single HSC transplantation [7], we
demonstrated that two known circulating fibroblast progenitors, i.e. fibroblast colony-forming
units (CFU-F) [10] and fibrocytes [11] are derived from HSCs. By using a slight modification
of the culture method for human fibroblasts from peripheral blood (PB) cells described by
Bucalaetal. [11], we investigated the fibroblasts cultured from PB from three female recipients
of gender-mismatch transplantation. All fibroblasts examined revealed the presence of Y-
chromosome, indicating that fibroblasts/myofibroblasts in these patients are of male donor
origin. We then studied fibroblasts cultured from PB of untreated patients with Philadelphia
chromosome (Ph1)-positive chronic myelogenous leukemia (CML). The (9;22) chromosomal
translocation results in the fusion of BCR and C-ABL genes. Since this translocation is found
in all hematopoietic lineages, CML has been classified as a stem cell disorder. Therefore,
demonstration of the presence of the BCR-ABL fusion gene in all cultured fibroblasts from
the patients unequivocally establishes the HSC origin of human fibroblasts.

Materials and Methods

Cell preparation and culture of fibroblasts

Cell culture of human fibroblasts from circulating fibrocytes was carried out using a
modification of the method described by Bucala et al. [11] in that non-adherent mononuclear
cells (MNCs) rather than the adherent cell fraction of PB cells were cultured. Ten to twenty
milliliters of PB was obtained from healthy adult volunteers, three female patients transplanted
with granulocyte-colony stimulating factor (G-CSF)-mobilized HSCs from male donors and
two patients with untreated Ph-positive CML. Table 1 describes the patients who provided
the blood samples. MNCs were isolated from PB cells by density gradient centrifugation using
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Lympholyte H (Cedarlane Laboratories Limited, Ontario, Canada). The samples were
suspended at a concentration of 2.5-5.0 x 10° cells/mL in media consisting of -modification
of Eagle's medium (ICN Biomedicals, Aurora, OH, USA) and either 20% fetal bovine serum
(FBS) (Atlanta Biologicals, Norcross, GA, USA) or a combination of 10% FBS and 10%
human serum from AB type male (NABI, Miami, FL, USA) and then incubated in fibronectin-
coated 4-well culture slides (Becton-Dickinson Biosciences, San Jose, CA, USA) at 37°C in
a humidified atmosphere with 5% CO in air for 7-14 days.

Immunohistochemical analyses

Cultured cells were fixed with 4% paraformaldehyde, permeabilized with 0.02% Triton X-100/
Ca?*-, Mg2*-free phosphate buffered saline (PBS) and blocked in 5% normal donkey serum
(DS; Jackson ImmunoResearch Laboratories, West Grove, PA, USA)/3% bovine serum
albumin (BSA,; Sigma-Aldrich, St. Louis, MO, USA)/PBS for 30 minutes. Cells were then
incubated with either mouse monoclonal antibody to vimentin (Abcam, Cambridge, MA,
USA), rabbit polyclonal antibody to -smooth muscle actin (SMA) (Abcam) or mouse
monoclonal antibody to pro-collagen type | (Millipore, Bedford, MA) diluted in 5% DS/3%
BSA/PBS for 45 minutes followed by Cyanine (Cy3)-conjugated anti-mouse or anti-rabbit IgG
antibodies for 30 minutes (Jackson ImmunoResearch Laboratories) and stained with Hoechst
33342 (Sigma-Aldrich, St Louis, MO). For staining with mouse monoclonal antibody to
fibroblast (5B5, against human prolyl-4-hydroxylase; Abcam), cells were fixed in 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100/PBS and blocked in 8%BSA/PBS
for 1 hour. Cells were then incubated with the primary antibody in PBS overnight followed by
Cy3-conjugated anti-mouse antibody in PBS for 1 hour and finally stained with Hoechst 33342.
Epifluorescence and DIC imaging was conducted using a Leica DMR microscope. Images
were processed using Adobe Photoshop CS2 software (Adobe Systems, Inc., San Jose, CA,
USA).

Flow Cytometric Analysis

RT-PCR

Freshly isolated, uncultured PB MNCs and day-14 cultured fibroblasts grown from non-
adherent PB MNCs were fixed with 4% paraformaldehyde for 15 minutes and washed with
PBS/0.1%BSA. They were stained with fluorescein isothiocyanate (FITC)-conjugated mouse
anti-human CDA45, allophycocyanin (APC)-conjugated mouse anti-human CD11b/Mac-1or
APC-conjugated mouse anti-human CD56 for 30 minutes at 4°C. All antibodies were
purchased from BD Biosciences. Cells were washed twice and analyzed by a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA). To stain for pro-collagen-I, cells were
prepared using the Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (BD
Biosciences) according to the manufacturer’s protocol. The cells were then stained with mouse
anti-human pro-collagen-1 monoclonal antibody (Millipore) for 30 minutes at 4°C, washed and
stained with phycoerythrin (PE)-conjugated goat anti-mouse 1gG (R & D Systems,
Minneapolis, MN, USA) for 30 minutes at 4°C. The cells were then washed and analyzed by
FACSCalibur.

Total RNA was extracted from day-14 cultured fibroblasts, PB MNCs and passage 2 human
foreskin fibroblast cell line (HFF-1, ATCC, Manassas, VA, USA) using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Two
micrograms of total RNA were reverse transcribed using Superscript 111 single strand synthesis
RT system (Invitrogen). Aliquots from this reaction were used for real-time PCR assays using
the indicated gene-specific primers (Table 2) and Super Script platinum SYBER green mix
(Invitrogen). PCR was performed using the LightCycler 2.0 (Roche, Basel, Switzerland). The
basic PCR reaction conditions were: 94°C for 2 minutes then 39 cycles of 95° C for 10 seconds,
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57°C for 20 seconds, 72° C for 40 seconds. Hypoxanthine phosphoribosyl transferase served
as the normalization control. Relative expression analysis was conducted using the program
LinRegPCR according to the suggested specifications [12].

Fluorescence in situ hybridization (FISH) studies

Results

FISH was performed on the fibroblasts isolated from female recipients of gender mismatch
transplantation and the fibroblasts from Phl-positive CML patients for identification of Y-
chromosome and BCR/ABL translocation, respectively. Prior to hybridization, the cultured
fibroblast samples from each source underwent rapid aging (2 minutes at 73° C in 2x sodium
saline citrate (SSC) with 0.4% NP-40), followed with a digest stage (20 minutes at 37° C in
500ug/ml proteinase 1). After a 5-minute wash in PBS, the slides were dehydrated with ethanol
(2 minutes in 70%, 80% and 100%). The CEP X/Y DNA probe kit (Abbott Molecular Inc.,
Des Plaines, IL, USA) was used for X and Y chromosome analysis. This probe is a mixture of
a SpectrumOrange labeled CEP X probe and a SpectrumGreen labeled CEP Y probe specific
for the alpha satellite centromeric region of chromosome X and the satellite 111 (YYq12) region
of chromosome Y. Vysis LS| BCR/ABL Dual Translocation probe (Abbott Molecular, Inc.)
was used for detection of the Ph! translocation. This probe is a mixture of LSI ABL probe
labeled with Spectrum Orange and LSI BCR labeled with SpectrumGreen. Each culture sample
well received 5ul of specific probe solution. The samples were then cover-slipped, sealed and
then denatured per protocol. After 12 hours of denaturing, the slides were washed in SCC and
1% NP-40. 5u1 DAP-11 counterstain was applied to each. The slides were coverslipped and
then evaluated using the CytoVision NT Probe Capture and Analysis program (Genetix Ltd.,
UK).

Development of a cell culture method for fibroblasts from PB

PB MNCs cultured in fibronectin-coated 4-well culture slides were examined
immunohistochemically. As shown in Figure 1, analysis of cultured cells using DIC
microscopy showed adherent cells with the classic morphology of fibroblasts including an
elongated, polygonal or spindle-shape with a clear, ovoid nucleus. Immunohistochemical
analysis showed that all cells stained positive for aSMA, pro-collagen type I, vimentin and
5B5 (a marker of prolyl-4-hydroxylase), markers associated with fibroblasts. Flow cytometric
comparison of MNCs before and after culture showed reduction in the percentages of cells
expressing CD11b or CD56 and increase in the percentage of cells expressing pro-collagen-I
from 4.28% to 33.10% (Figure 2). In addition, the relative loss of intensity of CD45 expression
after culture was evident in all analyses. Quantitative PCR revealed very high expression of
mRNA for pro-collagen lal, vimentin and fibronectin by the cultured cells relative to those by
MNC:s, at levels higher than or similar to those of a human foreskin fibroblast cell line, HFF-1
(Figure 3).

Identification of Y-chromosome in the fibroblasts cultured from female recipients of gender
mismatch stem cell transplantation

Next, we cultured PB fibroblasts from three female recipients of gender mismatch stem cell
transplantation using the culture method we established and analyzed their sex chromosomes
with FISH. These patients showed almost complete hematopoietic reconstitution by male cells
as described in Table 1. Figure 4, Panel A depicts a high magnification image of the FISH
analysis of the cultured fibroblasts from one patient. All fibroblasts exhibited both X and Y
chromosome indicating the male donor origin of the circulating fibroblast precursors.
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Identification of BCR-ABL translocation in cultured fibroblasts from untreated CML patients

In a subsequent study, we cultured fibroblasts from the PB of two untreated patients with CML
whose blood exhibited Ph chromosome and examined BCR-ABL translocation in the cultured
fibroblasts by FISH. As shown in Figure 4, Panel B, all fibroblasts derived from the first patient
showed BCR-ABL translocation (yellow). Many, but not all, of the fibroblasts derived from
the second patient showed BCR-ABL translocation. An example of a positive fibroblast is
shown in the inset of Figure 4. Since CML is a clonal disorder of hematopoietic progenitors
or stem cells, this observation strongly suggests the hematopoietic stem cell origin of human
fibroblasts.

Discussion

The origin of fibroblasts/myofibroblasts has been debated for a long time. Friedenstein and his
colleagues [13,14] first presented in vitro evidence for a bone marrow origin over thirty years
ago. They demonstrated the presence of fibroblast precursors called colony-forming units-
fibroblasts (CFU-F) in the bone marrow. Subsequently, however, the concept of epithelial-
mesenchymal transition became more widely accepted. This was modeled after embryonic
development and was based on the finding that the major population of fibroblasts during renal
fibrosis is derived from tubular epithelium [15]. Recently, however, a number of mouse and
human bone marrow transplantation studies have revived the notion of the bone marrow as the
source of fibroblasts/myofibroblasts. Using either Y-chromosome or green fluorescent protein
(GFP) as a marker of donor cells, investigators have presented evidence that hepatic stellate
cells [16], pericryptal myofibroblasts in the intestine and colon [17], myofibroblasts in
wounded skin [18] and the fibroblasts in pulmonary fibrosis [19] are derived from bone
marrow. Transplantation of bone marrow cells was also shown to reduce the magnitude of liver
fibrosis that had been induced with carbon tetrachloride [20].

Bone marrow cells are thought to contain two types of stem cells, HSCs and MSCs. In order
to determine which type of stem cell is the source of fibroblasts/myofibroblasts, we have carried
out a series of studies of tissue reconstitution by single HSCs in mice and found that fibroblasts/
myofibroblasts in many organs and tissues, such as glomerular mesangial cells of the kidney
[2], brain microglial cells and perivascular cells [3], tumor-associated fibroblasts [6], inner ear
fibrocytes [4] and heart valve fibroblasts [5], are derived from HSCs. These findings were
summarized in our review [1]. Subsequently, investigators in other laboratories, using single
HSC transplantation, presented evidence that hepatic stellate cells [8] and myofibroblasts
generated by cardiac infarction [9] are also derived from HSCs. In addition to this in vivo
evidence for an HSC origin of tissue fibroblasts/myofibroblasts, we have succeeded in culture
of fibroblasts from bone marrow cells of mice with single HSC transplantation [7]. We also
documented, in these clonally engrafted mice, the presence of two known types of fibroblast
precursors, i.e. CFU-F[10] and PB fibrocytes [11], of donor single HSC origin. This cell culture
study was consistent with the results of the transplantation studies and strongly suggested that
most, if not all, mouse fibroblasts/myofibroblasts are derived from HSCs.

Using a modification of the culture method for circulating fibrocytes described by Bucala et
al. [11], we established a method for culturing human fibroblasts from PB cells. The cultured
cells displayed typical polygonal or spindle shape and stained positive for collagen type |
[11], aSMA, vimentin, and 5B5 (prolyl-4 hydroxylase). Quantitative PCR of the cultured cells
confirmed the expression of mMRNA for pro-collagen la 1, vimentin and fibronectin at levels
higher higher than those by MNCs and similar to those by a human skin fibroblast cell line.
Flow cytometric comparison of the MNCs and the cultured cells also supported the fibroblastic
nature of the cultured cells. Using this culture assay we then demonstrated the donor male cell
origin of fibroblasts in three female transplant recipients who show almost full hematopoietic
reconstitution by male cells. Since fibroblasts are an important component of the stromal cell
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population, this finding may conflict with the general belief in clinical bone marrow
transplantation that bone marrow stromal cells are of host origin. Although the majority of
publications support this dogma [21-28], some studies described chimerism of marrow stromal
cells [29-33]. There would be a number of possible explanations for the apparent discrepancy
among these results, such as methods for identification of donor stromal cells (i.e., cell culture
vs. PCR) and different underlying diseases. Regardless, our finding is consistent with the
documentation of bone marrow-derived tissue myofibroblasts in the intestine [17], liver [16]
and heart valve [34] of recipients of gender-mismatch bone marrow or organ transplantation.

Although our studies of PB cells from transplant subjects clearly established the donor origin
of fibroblasts, they did not unequivocally establish the HSC origin of human fibroblasts.
Therefore, we next studied fibroblasts grown from two patients with Ph®-positive CML and
found BCR-ABL translocation in the cultured fibroblasts. The significance of our finding is
two-fold. First, since CML is a clonal disorder of hematopoietic progenitors/stem cells,
identification of BCR-ABL translocation in fibroblasts supports the concept of an HSC origin
of human fibroblasts. It also has significant implication in understanding the nature of bone
marrow fibrosis seen in patients with myelo-proliferative disorders. While bone marrow
fibrosis is the major pathological feature of idiopathic myelofibrosis, varying degrees of
fibrosis is also seen in the bone marrow of patients with CML, essential thrombocytosis and
polycythemia vera. Earlier, two studies established the concept that bone marrow fibrosis
associated with myelo-proliferative disorders is reactive fibrosis and not of the malignant clone.
Jacobson et al. [35] carried out a culture study of a female patient with idiopathic myelofibrosis
who also was heterozygous for glucose-6-phosophate dehydrogenase (G6PD), X-linked
isoenzyme. They discovered both B-and A isoenzymes in skin biopsies and fibroblasts cultured
from bone marrow, but only type A isoenzyme in the blood cells. A few years later, Castro-
Malaspina et al [36] studied fibroblasts cultured from six patients with Ph-positive CML with
or without myelofibrosis. They found only normal karyotype in the cultured fibroblasts. In
contrast to these, a study of karyotypes of MSCs cultured from patients with myelodysplastic
syndrome, another form of clonal hematopoietic disorder, revealed the presence cytogenetic
abnormalities in many cases [37]. We have no ready answers for the apparent discrepancies
among these reports, including ours, other than possible variations in the size of the clone in
individual patients. Further studies are needed to clarify the nature of fibroblasts and fibrosis
seen in patients with clonal hematopoietic disorders, including myeloproliferative disorders.
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Figure 1. Morphological and immunohistochemical analysis of fibroblasts cultured from PB
Morphological identification of fibroblasts was based on DIC images (Panels A, D, G, J and
M). Cells were then stained with antibodies to SMA (Panel B), collagen type | (COL-1) (Panel
E), vimentin (Panel H) or 5B5 (prolyl 4-hydroxylase; Panel K). Analysis showed that all
cultured cells with morphological characteristics of fibroblasts expressed markers associated
with this cell type. Panel N shows control staining with secondary antibodies only. Panels C,
F, I, L and O show nuclear staining with Hoechst dye. Insets in Panels C, F, I, L and O show
superimposition of antibody staining (red) and nuclear staining (green) for cells indicated by
asterisks in Panels B, E, H, and K. Bar = 25 m.

Exp Hematol. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Shirai et al.

Page 10

MNCs
E o B :
7.87% 14.65% 4.28%
) %) o B
o o
O < < &
& LIRS E § §
% [ 8 © o
9'"- P s
IgG FITC CD45 FITC CD45FITC Procollagen PE
After Culture for 14 Days
[E F
3.66% 0.31% 33.10%
Q O
o o
(8] : <C <t @
2 :
S 8| = B

e,

o A

lgG FITC

CD45FITC

CD45FITC

Figure 2. Flow cytometric analysis of PB MNCs and cultured fibroblasts
Scales in the abscissa of all Panels were adjusted to isotype controls (Panels A, E and black
lines in Panels D and H) and the relative fluorescence intensity of the data is expressed in
logarithmic scales. The number of cells expressing CD11b (Panels B and F) and CD56 (Panels
C and G) decreased and the intensity of CD45 expression weakened following culture. In
contrast, the number of cells expressing pro-collagen-I (red lines in Panels D and H) increased

with culture.
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Figure 3. RT-PCR analysis of fibroblasts cultured from PB

Real-time RT-PCR was conducted on total RNA extracted from PB MNCs, cultured fibroblasts
and a human foreskin fibroblast cell line (HFF-1). Analysis showed that cultured human
fibroblasts expressed mRNA for pro-collagen lal, vimentin and fibronectin at levels similar
to a HFF-1 and far higher than those by PB MNCs. These findings provide biochemical support
for the identity of the cultured cells as fibroblasts.
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Figure 4. FISH analysis of Y-chromosome in cultured fibroblasts from a male-to-female bone
marrow transplant patient and BCR/ABL translocation in cultured fibroblasts from two untreated
CML patients

Fibroblasts cultured from a transplant recipient were stained with SpectrumOrange labeled
CEP X probe and a SpectrumGreen labeled CEP Y probe (Panel A). Panel A shows clear
presence of Y-chromosomes in all fibroblasts. Presented in panel B are cultured cells from two
patients with Phl positive CML that were processed with Vysis LS| BCR/ABL Dual
Translocation probe (a cell from the second patient is shown in the inset). The yellow color
indicates the site of BCR/ABL translocation.
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